Abstract -Some experimental results of development of the concept and practical implementation of OFDM based secondary cognitive link are presented in this paper. Secondary link is realized using USRP N210 platforms. Several algorithms to overcome transmission problems are used, such as frequency offset compensation, time synchronization and channel estimation. Also cognitive feature of changing transmission parameters is implemented.
I. INTRODUCTION he growth of wireless communication has created new technologies, which provide services with high bandwidth and lead to an increase in the usage of radio spectrum. It stated that some parts of the allocated spectrum at some locations were unused most of the time. The scarcity of spectrum and need for efficient usage prompted research aimed at finding some other, more flexible, way of spectrum use, which has led to the development of a cognitive radio concept. The basic idea is to make the spectrum access more flexible, i.e. to allow unlicensed users to use the licensed spectrum, with an obligation to obey some rules. In the cognitive radio (CR) terminology, licensed users are called primary users, while unlicensed users are called secondary, or cognitive, users. The main aim of cognitive radio is to enable dynamic spectrum access, thereby adjustment of radio systems to environment in the way that optimizes overall system performances, while improving utilization of the spectrum.
Therefore, a secondary link must be able to dynamically change transmission parameters in order not to make interference towards primary users. The practical implementation of CR has been achieved by Software Defined Radio (SDR). SDR technology provides implementation of a radio communication system in which the components implemented on hardware are transferred to software that provides the flexibility of changing the operating parameters of the device like bandwidth, central frequency, modulation scheme etc. In fact, CR is defined as "intelligence" that sits above SDR and lets SDR determines which mode of operation and parameters to use.
The most important task in CR is spectrum sensing, that includes process of spectrum holes detection and analysis of signals active in some part of the spectrum (modulation type, bandwidth, carrier frequency, etc.). While searching for spectrum holes, a few dimensions of the spectral space are investigated, such as time, frequency, location, angle of arrival, code, etc.
OFDM modulation technique is a good choice for implementation of cognitive secondary link primarily because of its scalability. It is possible to dynamically change parts of spectrum where presence of primary users is detected simply by introducing zero subcarriers at the corresponding positions. In addition, the processes of modulation and demodulation use the IFFT and FFT algorithms whose execution is optimized by today's FPGA chips.
In the scope of the project TR32028 -"Advanced Techniques for Efficient Use of Spectrum in Wireless Systems" supported by Serbian Ministry of Science, Education and Technological Development authors started to develop concept and technical solutions of the OFDM based cognitive secondary link. Some first experimental results of development and practical implementation of OFDM based secondary cognitive link using USRP N210 platforms are presented in this paper.
The second chapter presents our experimental infrastructure. The third section describes the method of implementation of secondary link, and explanation of all the algorithms that were used. Chapter four contains the obtained experimental results. The future steps in the development of the secondary link are at the end of the paper.
II. DEVELOPMENT ENVIRONMENT
This section discusses the hardware and software platform used for our solution. Universal Software Radio Peripheral (USRP) is used, developed by Ettus Research, as SDR. USRP provides digital baseband and IF section within the hardware, which aids to utilize general purpose computers to function as high bandwidth software radios. In addition, the board can provide interface to various daughter-boards for a wide range of applications. The basic philosophy behind the USRP is to provide all waveform specific features like modulation and 978-1-4799-1420-3/13/$31.00 ©2013 IEEEdemodulation in CPU, whereas the high speed operations like interpolation, decimation, digital up and down conversion are provided within FPGA. For communication with USRP, MATLAB toolbox for USRP is used. Matlab toolbox communicates with USRP platform using UDP protocol. Computer sends OFDM baseband signal samples to the USRP which generate signal at a given frequency and bandwidth specified by interpolation factor. Signal is then transmitted over antenna to the receiving end where all operations are reversely executed.
III. IMPLEMENTATION
In implementation we started from an OFDM simulator published in [4] . It is a baseband OFDM simulator, which therefore employs only a half of subcarriers for useful data transmission, while the other half are conjugate subcarriers. We implemented the following features: passband communication employing all subcarriers for useful data transmission, improved time synchronization, frequency offset estimation and compensation, demodulation of frame data immediately upon its arrival at the transmitter and display of corresponding image data, cognitive property by changing carrier frequency, channel estimation and equalization, QAM modulation.
Source data is taken from an 8-bit grayscale (256 gray levels) bitmap image file, as in [4] . The image data is then converted to the symbol size determined by the choice of MPSK. The converted data is then separated into multiple frames by the OFDM transmitter. The OFDM modulator modulates the data frame by frame. During modulation symbols are differentially encoded. Before the exit of the transmitter, the modulated frames of time signal are cascaded together along with frame guards inserted in between as well as a pair of identical headers consisting of a sinusoid added to the beginning and end of the data stream. Cyclic prefix length is 25% of the useful OFDM symbol, length of guard intervals inserted equals length of an OFDM symbol with cyclic prefix, while header and trailer size is 8 OFDM symbols.
A. M-DPSK coding
M-DPSK modulation is deployed on every carrier, as in [4] . While transmitting our 256-grayscale bitmap image there is one benefit of using 256-DPSK modulation. Namely, if adjacent levels of grey are coded with adjacent constellation points, then small mistakes in demodulation (identifying some adjacent constellation point instead of the right one) result in small mistakes in grayscale levels interpretation, which is not easily observed by human eye. Errors are easily noticed only in the case of white and black pixels, because they are adjacent in the constellation.
B. Time synchronization
Time synchronization processing recognizes the presence of the signal on the input of the receiver. We used method based on auto-correlation of two sliding windows of length N, shifted in time [2] .
Variable ⁄ peaks when auto correlation measures the signal with noise, and only noise, where variable is signal sample. Algorithm is illustrated in the Fig. 1 . so the detecting treshold could be set according to expected SNR. First, rough synchronization is performed, where sliding windows are shifted by a predefined number of samples in every step. After that, fine synchronization takes place, where windows are shifted sample by sample as in [5] . After detecting start of the header, the beginning of all the frames is calculated from the known structure of the signal, so accuracy of detecting the start of the header is crucial.
C. Frequency offset estimation and compesation
Even if we intend to generate exactly the same carrier frequencies in the transmitter and receiver, there is a difference between them due to the physically inherent nature of the oscillators, called carrier frequency offset (CFO). As it is well known, OFDM systems are very sensitive to this phenomenon. The normalized carrier frequency offset (CFO), , is defined as
where denotes CFO, while Δ denotes subcarrier spacing.
For the transmitted time domain signal , the CFO incurs a phase offset of 2 in the received signal , i.e. ⁄ , where N is FFT size, which is equivalent to a frequency shift of on the frequency domain signal , i.e. . Two time domain techniques, using cyclic prefix (estimation range [-0.5, 0.5)) and training symbols (wider range), respectively, as well as two frequency domain techniques, using preamble, and pilot tones, respectively, are described in [3] . In [2] 2-step time domain estimation is performed, using short symbols in preamble for rough estimation, and long symbols for fine offset recovery. In this paper, header, comprised of a sinusoide, is used as a training sequence. Let D denote a ratio between FFT size, N, and the sinusoide period. The estimated normalized CFO can be expressed as
where M denotes an arbitrary number of samples used in the calculation. After performing the estimation, samples of the signal in the time domain are multiplied with ⁄ , to compensate for the CFO. This realization is sensitive to noise. Note that dependency on the quality of time synchronization is avoided.
D. Channel estimation and equalization
Several predefined symbols are inserted at the beginning of every frame in order to estimate channel frequency response. Structure of those symbols is the same as useful symbols. Impact of the channel on transmitted signal is very complex, including noise, fading, attenuation, and after all it is time-varying. In this first iteration we used the most simple model of the channel represented with frequency response of the channel. Frequency domain signal at the receiving end, ( ) can be represented as
where ( ) is transmitted signal. Parameter ( ) is frequency response of the channel. At the beginning of every frame, for every predefined symbol frequency response of the channel is calculated. Then the frequency response of the channel averaged over all predefined symbols is used to calculate average equalization function
By multiplying it with every useful OFDM symbol in the frequency domain, channel equalization is performed.
E. QAM modulation
At the transmitter, data bits are mapped to QAM simbols using simple binary coding. Because of still image transmission, Gray coding wouldn't bring any benefits. Phases of QAM symbols are differentially coded. At the receiver, channel estimation and equalization allow to set properly levels for detection and demodulation of QAM symbols.
IV. EXPERIMENTAL RESULTS
The following results were obtained by experiments conducted in a laboratory environment, deploying 2 laptops controlling the transmit and receive N210 USRP platforms, respectively, as shown in Fig.2 . Transmission parameters were: 400 MHz carrier frequency, bandwidth of 1 MHz, OFDM with 1024 subcarriers. Fig. 3 a) and b) show images obtained in the receiver after transmission using 256 DPSK and 256 QAM modulations, respectively. Percent of incorretly detected pixels in the case of 256 DPSK is 90.5, while in the case of 256 QAM it is 17.6. It is evident that subjectvely 256 DPSK image seems to be almost perfect, although 90.5% of symbols are incorrectly detected, because of the earlier described benefit of mapping image bits to 256 PSK symbols. Fig. 3 a) Image in the receiver after transmission using 256 DPSK b) Image in the receiver after transmission using 256 QAM With the aim of demonstrating secondary link principle, the time domain signal is interpolated by factor of 2 in Matlab, and having in mind that sampling frequency of transmitted signal is unchanged, bandwith of signal narrows 2 times. Signal spectrum is shifted to lower subband and transmission takes place. During the transmission of predefined frame number, interference comprised of 3 sinusoids in the lower subband of original band is introduced, in order to simulate primary user appearance. In order to avoide interfering with primary user, signal spectrum is shifted to upper subband and the rest of the data stream is transmitted. The transmission of the frame that is transmitted at the moment of detecting the primary user is repeated after changing subband. The receiver bandwith equals original signal bandwith. At the receiver end, it is also known in which subband the signal is transmitted, as well as number of the frame when subband change takes place. The signal spectrum is shifted back to the baseband, and unnecessary frequencies are filtered out, i. e. digital down conversion is performed. Then, decimation takes place, signal spectrum is spread by a factor of 2. As demodulation is performed frame by frame, and the image and signal spectrum displays are provided synchronously, the moment of the primary user appearance can be clearly noticed, as well as signal spectrum shifting and repeated display of the pixels belonging to the frame of data transmitted at the moment of primary user appearance . In this way the system is given the basic cognitive property. Fig.5 shows real part of time domain baseband signal samples, spectrogram and frequency spectrum of RF signal at the transmitter, respectively. Fig. 6 gives the corresponding displays for the signal at the receiver. At the edges of signal bandwidth, a slight decrease of spectrum level can be noticed, which is due to characteristic of filters in the receive chain of USRP. In this paper our technical solution for secondary link is presented. We managed to transmit picture in real conditions, overcoming a lot of problems that doesn't exist in software simulations of OFDM link, and also implementing cognitive feature of changing transmission parameters. But there are still a large number of problems to be solved, which will be our future work. The next step in our project is the gradual increase in speed of operation of the transmitter and receiver. Primarily, solving a problem of buffering samples from USRP platform, a greater level of controllability of our application, because now communication between USRP platform and computer is performed over MATLAB toolbox, which is very slow (using UDP), and data is processed in MATLAB. Lowering at the MAC layer, the implementation of the whole mechanism in FPGA technology using ML605 platform and NUTAC modules serving as analog front-end, would be final steps to maximize the speed of application and thus enable its use in real-life conditions. 
